Tumor angiogenesis, tumor cell proliferation, and tumor cell migration result from an accumulation of oncogenic mutations that alter protein expression and the regulation of various signaling cascades. Epsins, a small family of clathrin-mediated endocytic adaptor proteins, are reportedly upregulated in a variety of cancers. Importantly, loss of epsins protects against tumorigenesis, thus supporting an oncogenic role for epsins in cancer. Although a clear relationship between epsins and cancer has evolved, the importance of this relationship with regards to cancer progression and anti-cancer therapies remains unclear. In this review, we summarize epsins' role as endocytic adaptors that modulate VEGF and Notch signaling through the regulated internalization of VEGFR2 and trans-endocytosis of Notch receptors. As both VEGF and Notch signaling have significant implications in angiogenesis, we focus on the newly identified role for epsins in tumor angiogenesis. In addition to epsins' canonical role in receptormediated endocytosis, and the resulting downstream signaling regulation, we discuss the noncanonical role of epsins as regulators of small GTPases and the implications this has on tumor cell proliferation and invasion. Given epsins' identified roles in tumor angiogenesis, tumor cell proliferation, and tumor cell invasion, we predict that the investigative links between epsins and cancer will provide new insights into the importance of endocytic adaptors and their potential use as future therapeutic targets.
Epsins are an evolutionarily conserved family of proteins consisting of yeast epsins (Ent1 and Ent2), Drosophila melanogaster epsins (known as Liquid Facets) and mammalian epsins (Epn1, Epn2, and Epn3). Mammalian epsins 1 and 2 are ubiquitously expressed to varying degrees in a variety of tissues with the highest expression occurring in the brain [1, 2, 6] . In contrast, mammalian epsin 3 expression is spatially and temporally expressed in migrating keratinocytes of the epidermis [7] and parietal cells of the stomach [8] .
Epsins are multivalent proteins consisting of several different interaction motifs that function cooperatively to target epsins to the plasma membrane and facilitate their interactions with and recruitment of cell surface receptors to clathrin-coated pits for internalization [4, 5, [9] [10] [11] [12] [13] (Figure 1 ). The epsin NH 2 -terminal homology (ENTH) domain, composed primarily of alpha helices, is the most conserved epsin domain [4] . Its specificity for phosphatidyl-inositol (4, 5) bisphosphate (PI(4,5)P 2 ) mediates the recruitment of epsin to the inner leaflet of the plasma membrane [14] and facilitates membrane curvature necessary for clathrin-coated pit formation [15] . The clathrin-, AP2-, and EH (Eps15 homology)-binding domains are largely unstructured and are cooperatively responsible for recruiting epsin, and its ubiquitinated cargo, to clathrin coated pits for subsequent internalization (see review [4] ). Lastly, epsin contains two alpha helical ubiquitin interacting motifs (UIM) that reside between the ENTH domain and the unstructured carboxyl-terminal tail [11] [12] [13] . It is generally accepted that the UIMs provide the specificity with which epsins interact with and target ubiquitinated receptors for internalization. UIM-mediated interactions between epsins and cell surface receptors, as well as the subsequent clathrin-mediated internalization, has been established as an important regulatory mechanism to modulate signaling events, including those involved in angiogenesis, ion transport, cell proliferation, differentiation, and death [6, 8, [16] [17] [18] [19] [20] .
In addition to its classical role as an endocytic adaptor, several lines of evidence suggest epsins play an additional role in regulating the activation of GTPases, such as the Rho GTPases responsible for actin remodeling [21, 22] . Specifically, epsins reportedly interact with and inhibit various GTPase activating proteins (GAPs) recruited to and/or localized at the plasma membrane, resulting in the accumulation of GTP-loaded GTPases and the formation of polarized edges. These findings provide an alternative mechanism by which epsins may regulate cell polarity and migration.
As a result of epsins' involvement in cell proliferation, differentiation, and migration, there is an increasing interest in epsins' potential role in carcinogenesis. Proteomic and transcriptomic analyses of basal cell carcinoma, lung and breast adenocarcinomas reported elevated expression of epsins in tumor cell lines and tumor tissues [7, 23, 24] . Recently, our lab has identified two distinct roles for epsins in carcinogenesis. First, tightly regulated endothelial cell epsins are necessary to modulate vascular endothelial growth factor (VEGF) signaling and functional tumor angiogenesis, thereby ensuring tumor growth [19] . Secondly, epsins are an important oncogenic protein that is both upregulated in and required for the progression of prostate cancer [25] . Cumulative results from these studies have placed an emphasis on further understanding and characterization of the potential roles for epsins in carcinogenesis. In this review, we will focus on epsins' roles in tumor angiogenesis, tumor cell proliferation, and the implications these findings have on migration. Furthermore, we will provide new insights into the potential usefulness of epsins as novel therapeutic targets.
EPSIN: A REGULATOR OF TUMOR ANGIOGENESIS
Tumor angiogenesis is an important driving force of carcinogenesis (see review [26] ). Enhancing the network of tumor vasculature ensures adequate oxygen and nutrient delivery to the largely hypoxic and energy demanding tumor cells, thereby promoting continual tumor growth and development. It has long been understood that tumor cells secrete growth factors, such as VEGF, and promote endothelial cell overexpression of key receptors, including VEGFR2 and Notch. VEGF-induced signaling through VEGFR2 and the juxtacrine Delta-like 4 (Dll4) ligand-induced Notch signaling function to promote endothelial cell proliferation, migration, and differentiation while also promoting stabilization of the tumor vascular network [27] [28] [29] [30] .
Originally characterized for their fundamental roles in embryonic angiogenesis and organogenesis, the roles VEGF and Notch signaling play in post-natal angiogenesis, specifically tumor angiogenesis, have made them favored targets for anti-cancer therapies [26, 27, 31, 32] . Although both anti-VEGF and anti-Notch therapies have had some success in impairing tumor growth by inhibiting or stabilizing tumor angiogenesis, respectively, and enhancing chemotherapeutic sensitivity, many types of cancer develop strong resistance. Given the important role of tumor angiogenesis in carcinogenesis, and the increasing resistance to current anti-VEGF and anti-Notch therapies, it remains extremely important to continue identifying new potential drug targets involved in these two signaling pathways.
Our studies suggest that epsin is a potentially novel and unique drug target to alter tumor angiogenesis because of its implicated roles in regulating both Notch and VEGF signaling. In 2009, our group reported that global deletion of epsins 1 and 2 (DKO) in mice, but not single deletion of either epsin 1 or epsin 2 (SKO), resulted in embryonic lethality at embryonic day 10 (E10) [6] . Upon further examination of the DKO embryos, we discovered profound vascular defects reminiscent of defects caused by loss of Notch genes in the embryo proper, placenta, and yolk-sac [33] . Further investigation confirmed that loss of epsins impaired Notch signaling in E9 embryos [6] .
Although the mechanism(s) and cell type(s) involved were unclear, our findings suggested that epsins play a fundamental role in regulating Notch signaling and promoting angiogenesis required for proper embryonic development. Notch signaling activation is dependent on the proteolytic cleavage and release of the Notch receptor intracellular domain (NICD). Cleavage is dependent on the trans-endocytosis of the Notch receptor extracellular domain (NECD) by the Notch ligand, Dll4 [16] . Furthermore, trans-endocytosis is dependent on the ubiquitination of Dll4. Therefore, we proposed a mechanism in which epsins facilitate the internalization and proteolytic processing of Notch required for Notch signal activation (Figure 2 ). We speculated that ligand-dependent ubiquitination of Dll4 provides a docking site for the epsin UIM binding domain, thereby providing a liganddependent mechanism for trans-endocytosis of the Notch NECD domain and Notch activation. The fact that anti-Notch ligand therapies have had success in impairing tumor progression [34] , and given that loss of epsins impairs Notch activation with some specificity [6] , our data suggests that targeting epsin function may provide a novel, alternative, and downstream therapeutic target for hindering carcinogenesis.
Importantly, the epsin DKO embryonic phenotype is significantly more severe than any single or double Notch deletion, suggesting other signaling pathways involved in angiogenesis, such as VEGF signaling, may also be altered and contribute to the phenotype. Given the severity of the global epsin DKO phenotype, the various roles of Notch signaling in different cell types, and the potential role of other angiogenic signaling cascades, we generated an endothelial cell-specific epsin 1 and 2 DKO (EC-DKO) mouse model to further investigate the role of epsins in angiogenesis. Surprisingly, both constitutive and tamoxifeninducible EC-DKO models displayed no gross vascular abnormalities under physiologic conditions indicating the embryonic lethality of the global epsins 1 and 2 DKO embryos was due, in large part, to epsins role in regulating Notch signaling in other cell types [19] . In contrast, under carcinogenic conditions the EC-DKO mice exhibited severe defects in tumor angiogenesis resulting in disorganized vascular structures and exaggerated vascular permeability. These defects resulted in aberrant, dysfunctional tumor vascular networks and impaired tumorigenesis. While we did find impaired Notch signaling in the endothelial cells from EC-DKO mice, the addition of activated NICD, failed to prevent defective tumor angiogenesis, further suggesting the enhanced vascular permeability and enlarged vascular structures occur independent of defects in endothelial cell Notch signaling.
We did, however, find that endothelial cell-specific epsin depletion significantly enhanced and prolonged VEGF signaling, an important signaling pathway involved in vascular permeability [19] . Specifically, epsin depletion increased both VEGF-dependent phosphorylation and total protein levels of its receptor, VEGFR2. Furthermore, we found that the enhanced total and phosphorylated VEGFR2 in the epsin-deficient endothelial cells was due to impaired VEGFR2 internalization and degradation.
Mechanistically, VEGF stimulation induced the ubiquitination of VEGFR2 [19] . Epsin was found to facilitate VEGFR2 internalization by binding, via its UIM, the ubiquitin moieties on VEGFR2. Although counterintuitive to the anti-VEGF therapies that attempt to hinder VEGF-dependent tumor angiogenesis, our data suggests that enhanced VEGF signaling and exaggerated tumor angiogenesis may also effectively hinder tumor growth. Although unsure of the mechanism, we hypothesize that the resulting aberrant tumor vasculature may fail to perfuse blood properly, thereby impairing oxygen and nutrient delivery. Importantly, our study emphasizes the importance of balanced VEGF signaling in tumor angiogenesis and provides a potential alternative approach for treating cancers resistant to anti-VEGF therapies.
In summary, the combined efforts of our lab and others have identified epsins as potential regulators of carcinogenesis. Specifically, our data suggests epsins play important roles in regulating tumor angiogenesis through ligand-mediated ubiquitination and internalization of VEGFR2 and trans-endocytosis of Notch NECD. Furthermore, our findings suggest that, while involved in Notch signaling, epsins' role in regulating VEGF signaling may be more pronounced in endothelial cells and tumor angiogenesis. However, because epsin utilizes its UIM to interact with both Notch ligand and VEGFR2, it is likely that targeted interference of this domain will provide a very specific therapeutic advantage to adversely affect both pathways implicated in carcinogenesis.
EPSIN: A REGULATOR OF TUMOR CELL PROLIFERATION
While tumor angiogenesis plays an important supporting role in developing tumors by providing oxygen and nutrients, carcinogenesis is initiated and progresses because tumor cells continuously gain permanent oncogenic changes that promote unchecked cell proliferation and avoid programmed cell death [35, 36] . How a cell responds to its external environment, i.e. proliferate, migrate, or die, is often regulated, either directly or indirectly, by the specific activation and subsequent inaction of various cell surface receptors and their downstream signaling pathways. Signaling pathways, such as the VEGF and Notch pathways discussed above, utilize several mechanisms including receptor expression, internalization, and degradation to ensure homeostasis is re-established and/or maintained in an ever-changing environment. Genetic alterations that alter the homeostatic balance often result in pathological conditions such as cancer.
As with its role in signal balance and tumor angiogenesis, epsins' importance in reestablishing proliferative homeostasis after signaling events are initiated has become increasing clear. It interacts with and facilitates the internalization of several activated and ubiquitinated cell surface receptors [5, 6, 11, 17, 37] . Some, such as VEGFR2 described previously, require internalization to downregulate signaling while others, such as Notch and epidermal growth factor receptor (EGFR), are dependent on internalization for sufficient signal activation. The majority of studies relating epsins, growth factors receptors, and tumor cell proliferation have focused on EGFR and the role epsins play in its sustained activation. Specifically, EGF-stimulation induces EGFR ubiquitination and subsequent interaction with epsin [17] . Epsins facilitate the recruitment of EGFR to clathrin-coated pits for internalization. EGFR kinase activity is maintained during clathrin-mediated endocytosis and traffic through the early endosomes [38] . Defects that prevent epsin from interacting with EGFR significantly alter EGF signaling.
Similar to EGFR, several other growth factor receptors are upregulated in tumor cells to promote proliferation during tumorigenesis including IGFR, FGFR, PDGFR, Notch, and Wnt receptors [24, 39] . In correlation with these increases, epsins are also reportedly overexpressed in several types of cancer including prostate, breast, lung, and skin cancers [7, [23] [24] [25] . Therefore, we hypothesize, and are currently investigating, the potential relationships between epsins and these receptors as they relate to tumorigenesis. In light of our previous publications that continuously suggest epsins act as oncogenic proteins to promote tumor cell proliferation, we speculate that interfering with epsin function will protect against cancer progression. In support of this, we recently reported, using the spontaneous TRAMP mouse model for prostate cancer, that epsin deficiency provided significant protection against tumor cell proliferation and carcinogenesis [25] .
EPSINS: A REGULATOR OF TUMOR CELL MIGRATION AND INVASION
The final stage in carcinogenesis is invasion, when tumor cells switch from benign proliferative tumors to malignant spreading tumors [36] . Tumor cell invasion depends heavily on whether tumor cells gain the ability to spread and invade surrounding tissues. In the final process of invasion, migrating tumor cells enter circulation and ultimately disseminate to other distant organs. Because cancer invasion contributes significantly to poor survival outcomes, the mechanisms involved in tumor cell migration to and invasion of distant tissues remains an intensely studied area. Given epsin's role in regulating VEGF and Notch signaling with regards to angiogenesis [6, 19] , a process dependent on immature endothelial cell migration, and epsins' role in epithelia wound healing via the regulation of immature keratinocyte migration [7] , it is likely that epsins may also facilitate tumor cell invasion. Cell migration depends heavily on a functioning actin network to promote cell polarity and regulate the formation and retraction of lamellipodia. In 2010, Coon, et al. identified a non-canonical role for epsins in the process of actin remodeling and cell migration, independent of receptor endocytosis [22] . Instead, they reported that the NH 2 -terminal ENTH domain of epsins interacts with and inhibits RalBP1, a GTPase-activating protein (GAP), ultimately resulting in the activation of GTPases, Rac1 and Arf6, responsible for actin remodeling and cell migration. In isolated fibrosarcomas, the enhanced Rac1 and Arf6 promoted cell polarity, migration, and invasion. Similar reports implicating epsins as important regulators of cell polarity in mitosis, via regulation of GTPase effectors, have also been reported [20, 21] . These findings, and others like them, illustrate the multi-faceted nature of epsins and their potential involvement in pathological conditions, especially cancer.
CONCLUSIONS AND PERSPECTIVES
In summary, epsins have both canonical and non-canonical functions implicated in the initiation and progression of several cancer types. The fact that epsin expression is upregulated in several types of cancer further supports its role as an oncogenic protein.
While epsins do reportedly alter several seemingly different signaling cascades, it is important to emphasize the specificity with which they function to regulate the internalization of ligand-dependent ubiquitinated receptors. Furthermore, it is important to note that epsins have been implicated in the three major changes responsible for carcinogenesis: tumor cell proliferation, tumor cell migration/invasion, and tumor angiogenesis.
Most drug therapies, including the anti-VEGF and anti-Notch ligand therapies discussed above, focus on targeting a single cell surface receptor and, therefore, a single signaling cascade. While this approach has the benefit of selectivity and reduced risk of off-target effects, it also enhances the probability that tumor cells will develop compensatory mechanisms responsible for drug resistance. Given that epsins are involved in several overlapping signaling cascades involved in tumorigenesis downstream of signaling receptors, suggests they may provide a favorable target for future therapeutic development. Furthermore, using a mouse model in which epsins 1 and 2 are depleted post-development, our lab has reported very few, if any adverse effects on normal physiologic functions [19, 25] . These findings, along with the findings reviewed herein on epsins' roles in tumor angiogenesis, tumor cell proliferation, and tumor cell migration/invasion, provide strong evidence to support further investigation into the roles of epsins, as they pertain to cancer, as well as the development of future epsin-inhibitory drug therapies. Left panel: in step 1, Notch ligand, Dll4, on the sending cell engages Notch receptor, via its Notch extracellular domain (NECD), on the receiving cell thereby inducing ubiquitination (Ub) of Dll4. Epsin interacts with Dll4 through its ubiquitin interacting motif (UIM) and recruits Dll4 to nascent clathrin-coated pits (CCP). In step 2, dynamin, an essential GTPase for membrane fission, liberates the CCP containing the ubiquitinated Dll4 and the associated NECD. Trans-endocytosis of the NECD by the sending cell is a crucial step in Notch activation in the receiving cell. In step 3, clathrin and epsin dissociate from the CCP creating a free vesicle containing Dll4 and NECD. The free vesicle fuses with the early endosome (step 4) and is eventually targeted to the lysosome for degradation (step 5). In the receiving cell, the remaining membrane-associated Notch intracellular domain (NICD) of the Notch receptor is targeted to CCPs and internalized via a dynamin-dependent mechanism (step A). In step B, the NICD is proteolytically cleaved to release the NICD into the cytoplasm. The free NICD is shuttled to the nucleus where it induces the expression of Notch genes (step C). Balanced Notch signaling is important to maintain the homeostasis of several tissues and stem cells. Right panel: Loss of epsins in the sending cell prevents the trans-endocytosis of NECD. Failure to separate the NECD from the remaining Notch receptor subsequently impairs the proteolytic activation and release of the NICD in the receiving cell. Collectively, loss of epsins inhibits Notch signaling in the receiving cell thereby disrupting cell communications and impairing homeostatic maintenance.
